a P h a rm a z e u tisc h -C h e m isc h e s I n s titu t d e r U n iv e rs itä t H e id elb erg ,
T re a tm e n t o f o rg a n ic th io c y a n a te s w ith a lu m in iu m o x id e, a t ro o m te m p e ra tu re , is fo u n d to a ffo rd a c o n v e n ie n t p ro c e d u re fo r th e sy n th e sis o f sy m m etric d isu lp h id e s, u n d e r m ild c o n d i tio n s.
A n X -ra y stru c tu re a n a ly sis o f m£> 5o -d i-( l,6-m e th a n o [10]a n n u le n -2-y l)-d isu lp h id e (2 a ) su g gests a n in te rm e d ia te sp2-s p 3 h y b rid iz a tio n s ta te fo r th e a ro m a tic c a rb o n a to m s a n d a facea sy m m e tric e le ctro n ic d is tr ib u tio n in th e a n n u le n e rin g . U s in g re p o rte d a to m ic c o o rd in a te s, a sim ila r c o n fig u ra tio n is d e te rm in e d fo r th e p a r e n t s tru c tu re 7. A h ig h e r ^-e le c tro n d e n sity on th e exo face o f th e a ro m a tic rin g m a y a c c o u n t fo r th e k n o w n syn.syn ste reo c h em ica l c o u rse o f e le ctro p h ilic a d d itio n to 7, as w ell as fo r th e high re a c tiv ity o f th is system to w a rd s electrop hiles, in a d d itio n a n d in s u b s titu tio n re a c tio n s.
In the course of our attem pts to prepare 2-thiocyanato-l,6-m ethano [10] annulene (1) [1, 2] , a pronounced lack of yield reproducibility was ob served. Examination of the experimental steps showed that in the course of an operation involv ing column chrom atography on aluminium oxide, thiocyanate 1 was converted into a mixture of diastereomeric meso-and (±)-disulphides (2 a and 2b, respectively). 1 
a b
In a preparative attempt, a benzene solution of 1 was allowed to stay over aluminium oxide, at room temperature, for 24 h. From the reaction mixture, disulphides 2 a and 2 b (1:1) were obtained by elution of the solid support. Subsequent separa tion of the two diastereomers could only be achieved by a com bination of slow crystallization and HPLC.
The reaction could be extended to other thio cyanates.
/»-Dimethylamino-phenylthiocyanate yielded, in a similar way, the corresponding disul phide 3. G ood yields of disulphides 4 and 5 were obtained also from phenyl and benzyl thiocyanate, respectively, although in a rather slow reaction. An attem pt to convert dibromo-dithiocyanato-derivative 6 into a disulphide failed, however, abun dant HBr elimination being instead observed. Re sults and reaction times are summarized in Table I .
Some cases of thiocyanate conversion to disul phide, using conventional solution procedures, have already been reported [3] [4] [5] [6] , but the reaction requires prolonges heating with acids or bases. For
Br-----CH -CH2-S C N Br-----CH -CH2-S C N T a b le I. Y ie ld s o f d isu lp h id e s, R 2S2, o b ta in e d fro m th ioc y a n a te s, R -S C N , o n tre a tm e n t w ith A120 sensitive com pounds, like 1, such conditions may be rather too severe. The present procedure, in volving solid support and room temperature con ditions, and excluding any conventional acid or base, has the advantage of very mild reaction con ditions, good yields and simple work-up.
The molecular structure of raeso-disulphide 2 a (Fig. 1 ) was determined by three-dimensional sin gle-crystal X-ray diffraction technique [7] , G eo metrical bond data are presented in Tables II-IV . The molecule displays a C -S -S -C torsional angle o f 85.9°, which is rather close to the ideal value o f 90° associated with the minimum-energy configuration [8 a] . The dihedral angle is in the range experimentally found for disulphides [8 b -d ] . The S -S distance, 2.07 A, seems to indicate less 7r-bond character than in m ost disulphides [8 b -d ] . This could be due, in part, to a steric effect o f the bulky l,6-methano [10] annulenyl radicals, which may hinder th e p~d conjugation.
The two annulene rings are found to be rotated about the C -S bonds in such a way that the m eth ylene bridges point outwards. 
122.8(2)
C 5 -C 6 -C 7 126.5(2) 126.5(2) C 5 -C 6 -C 1 1 116.6(2) 116.8(2) C 6 -C 7 -C 8 122. 6(2) 122.8(2) T a b le IV. T o rs io n a l a n g les (deg) in 2a.
85.9 * C o rre s p o n d in g to rs io n a l a n g le s in th e se c o n d h a lf o f th e m o lecule.
The 10-H and lO'-H protons, although located rather far from the respective neighbouring ring, feel a certain influence of the ring current. This is reflected in their S values, which display a m arked upfield shift with respect to the corresponding pro tons of thiocyanate 1 [2] .
The analysis o f X-ray diffraction in the crystal of disulphide 2 a allowed an insight into the config uration of hydrogen atom periphery of the annulene ring. As shown in Fig. 2 a, all Carom-H bonds are bent "downwards" (anti to the methylene bridge). The out-of-plane deviation from an ideal sp2 configuration (a angle in Fig. 2 b) ranges from 4° for C 1 0 -H to 15° for C 8 -H (see Fig. 2a ).
Using published [9] atom coordinates for unsub stituted l,6-methano [10] annulene (7), following deviations were calculated for the parent structure:
The values are found to be similar to those de termined for disulphide 2 a (see Fig. 2a ). This con figuration, which appears to be general for the aromatic perimeter of l,6-methano [10] annulene systems, points to an intermediate hybridization, between sp2 and sp3, of the aromatic carbon atoms. The anti orientation (with respect to the C H 2 bridge) of all peripheric C -H bonds seems to indi cate that the upper lobes of the 7r-orbitals may be more developed than the lower ones. A face-asymmetric distribution of 7r-electron density agrees well with known properties of this system: a) very high reactivity in electrophilic addition and substitution; b) syn,syn stereochemistry of addition; c) reluctant Diels-Alder reactions [10] , whichbecause of steric interference with the methylene bridge -cannot take place on the electron-rich face of the ring and are therefore directed to the electron-poorer endo region.
M olecular orbital calculations have already shown a considerable am ount of a~n mixing in 7 [11] , implying a significant orientation of the orbit als involved in the addition of bromine.
One should mention that in an early paper [12] on the dipole moment of 7 and of some of its deriv atives, the conclusion was reached that the orien tation o f the vector can only be accounted for by assuming a greater 7r-electron crowding on the side of the methylene bridge. It is also interesting to note that for the exo-stereoselectivity in the ad dition to another strained, bridged 7r-system, namely that of norbornene, Fukui and collab. [13] a Fig. 2 . a. T h re e -d im e n sio n a l s tru c tu re o f a n a n n u le n e rin g in d isu lp h id e 2 a. assume the deciding role to be played by the great er H OM O overlapping (more electron crowding) in the exo region o f the molecule. (This is certainly a very plausible alternative to other explanations which have dom inated a long-standing controver sy [14] .
The geometry o f the l,6-methano [10] annulene system illustrates the unconventional bonding sit uation encountered in distorted double bonds [15] and in non-planar conjugated systems [16] . In the 7r-orbital axis vector analysis (POAV) approach [16b -f], the interm ediate hybridization is quanti tatively determined by defining a pyramidalization angle, 0an -9 0°, where 0an is the angle between the 7r-orbital axis and the adjacent er-bonds. The orien tation of a 7r-orbital axis is, however, not easy to define in a strongly strained and distorted bond system like that o f l,6-methano [10] annulene. The C -C -C angles within the [10] annulene perimeter, which are consistently in excess of 120 °C (see, for instance, in Table III , C -C -C bond angles which do not involve C -l 1), suggest possible dislocations in cr-bonding. Therefore, er-orbitals may not lie along the internuclear axes. As a simple and direct measure of distortion from the ideal sp2 planarity of an atom C", we chose the angle between the exocyclic C "-X bond and the plane determined by C" and its two nearest neighbours in the aromatic ring, C"_! and C"+i-Considering a possible lower electron density in the endo region of 7, it was tempting to test the reactivity o f a soft nucleophile towards an appro priate derivative of this relatively large ^-electron system. 2-Bromo-l,6-methano [10] annulene (8) and sodium thiophenolate were chosen as reaction partners, the reaction being conducted in dimethylformamide, at 100 °C, under inert gas. After 1 hour, thin-layer chrom atography of the mixture (silica gel, petroleum eth er-acetone 40:1) showed 
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11 only a small quantity of unreacted 8. After 3 hours, the isolated yield of crude substitution product 9 am ounted to 84%.
Using hydrogen peroxide in acetic acid, sulphide 9 could be selectively oxidized to the correspond ing sulphoxide 10. With excess o f reagent and at a higher tem perature, the oxidation led to sulphone Solvents were purified and dried by standard procedures.
m eso-D i-( 1,6-methano[ 10]annulen-2-yl)-disulphide (2 a)
A slurry made up of 1.5 g aluminium oxide and a solution o f 199 mg (1 mmol) 1 in 1 ml dry ben zene was allowed to stay at room tem perature, with occasional stirring, the reaction course being monitored by means of thin-layer chrom atogra phy (silica gel, pentane-benzene 4:1). After 24 h, TLC showed only very little thiocyanate left. 1 g aluminium oxide was then added, the mixture was well mixed and the solvent removed with a rotary evaporator. (With the aluminium oxide added, the slurry became a flowing powder and this prevent ed bumping during solvent evaporation. The evap oration flask was allowed to rotate only slowly, in order to achieve efficient mixing of the adhering powder.) The dry m ixture was added to a pre packed chrom atography column (aluminium ox ide; 2x10 cm) and eluted with pentane-benzene 4:1. After evaporation o f solvent, traces o f starting material 1 were removed by a second chrom atog raphy operation, using petroleum eth er-aceto n e 40:1. Evaporation of the eluate afforded 128 mg (74%) yellow crystals, consisting o f a 1:1 mixture of 2 a and 2 b. An analytical sample of 2 a was ob tained by allowing a saturated (by room tem pera ture) ethyl acetate solution of the mixture to crys tallize slowly in the refrigerator, followed by repeated recrystallization from ethyl a c e ta te -p e n tane 2:1 of the solid obtained; m .p.: 117 °C. b) Sem i-preparative separation was carried out at low tem perature [17] , using the same solvent system as before and a 250-10 Lichrosorb Si 60 (5 //m) column with a 50-4 Spherisorb pre-column (Latek, Eppelheim). Separation was found to im prove with tem perature decrease and the proce dure was optimized at -3 0 °C. The solvent was pre-cooled to -1 5 °C and the column immersed into a cold (-3 0 °C) methanol bath. Immediately after the exit from column the capillary was warmed to +40 °C in a water bath, in order to avoid condensation in the detector cell. Flow: 2.9 ml/min. Retention times: 10.1 min (2b), 
Di-(p-dimethylamino-phenyl) -disulphide (3)
A solution of 356 mg (2 mmol) /»-dimethylamino-phenyl thiocyanate in 1 ml dry benzene was left over 2 g aluminium oxide for 24 h. Column chrom atography (aluminium oxide, 2x15 cm, pe troleum ether-acetone 30:1) afforded 0.24 g (79%) 3, yellow needles; m .p.: 119°C (m .p. lit. [18] 119 °C).
Diphenyl disulphide (4); dibenzyl disulphide (5) Using the same procedure as above, 4 and 5, re spectively, were obtained from the corresponding thiocyanates. Reaction time, ratio petroleum ether (PE) / acetone (AC) in the chrom atography eluent used, and yields were: 2-Thiophenoxy-1,6-methano[ 10Jannulene (9) A mixture of 2.21 g (10 mmol) 2-brom o-l,6-methano [10] annulene (8) and 2.64 g (20 mmol) so dium thiophenoxide in 8 ml dimethylformamide was heated at 100 °C for 3 h, with stirring, under nitrogen. The mixture was decomposed with 50 ml water, extracted with pentane (3* 10 ml) and the extract washed with water. After drying over an hydrous M gS 04 and evaporation of solvent, the residue (2.1 g) was subjected to column chrom a tography (silica gel, 3x15 cm, petroleum e th e r- 7), 215(6.3), 171 (17.3), 141 (100), 128 (9.8) (10) To a cooled (ice-water bath) solution of 375 mg (1.5 mmol) 9 in 3 ml glacial acetic acid, 51 mg (1.5 mmol; 170 mg 30% solution) hydrogen perox ide was added in small portions, with stirring. The mixture was allowed to stay at room temperature for 24 h, then it was diluted with 25 ml water and extracted with dichlorm ethane (3><5 ml). The organic layer was washed with water, dried and evaporated, then the residue was chrom ato graphed (silica gel, 2 x 20 cm). The column was eluted with petroleum ether-acetone 20:1 (100 ml), which removed a small am ount of un reacted 9, then with petroleum ether-acetone 3:1 (150 ml). From the last fraction the product was obtained, by evaporation of solvent, as a pale-yel low oil. A ttem pts to distil it in a bulb-to-bulb ap paratus led to decomposition. To a solution o f 375 mg (1.5 mmol) 9 in 5 ml glacial acetic acid, 119 mg (3.5 mmol; 400 mg 30% solution) hydrogen peroxide was added and the mixture was heated for 1.5 h at 90 °C. After de com position with 40 ml water, the product was ex tracted with dichlorom ethane (3^5 ml), the organ ic solution washed with water, dried and the sol vent evaporated. The residue was chrom ato graphed (silica gel, 2 x 20 cm), using petroleum eth er-aceto n e to remove unreacted 9, then petro leum eth er-aceto n e 3:1 to elute the product. Generous support of this work by BASF AG, Verband der Chemischen Industrie -Fonds der Chemie, and Deutsche Forschungsgemeinschaft is gratefully acknowledged. We are indebted to Dr. W. Kram er, Mrs. G. Baumann and Mr. G. Beutel for carrying out and discussing N M R spectra and elementary analyses, to Mr. H. Rudy and Mr. P. Weyrich for IR and mass spectra, as well as to Mr. D. Holzm ann for supplying the starting com pound 7. We also thank Bayer AG and Hoechst AG for generous gifts of chemicals, as well as ICN Biomedicals G m bH (Eschwege) for providing us with generous supplies o f silica gel.
